available online at http://meteoritics.org 233 Abstract-Dynamic tensile strengths and fracture strengths of 3 terrestrial rocks, San Marcos gabbro, Coconino sandstone, and Sesia eclogite were determined by carrying out flat-plate (PMMA and aluminum) impact experiments on disc-shaped samples in the 5 to 60 m/sec range. Tensile stresses of 125 to 300 MPa and 245 to 580 MPa were induced for gabbro and eclogite, respectively (with duration time of ~1 µs). For sandstone (porosity 25%), tensile stresses normal to bedding of ~13 to 55 MPa were induced (with duration times of 2.4 and ~1.4 µs). Tensile crack failure was detected by the onset of shock-induced (damage) P and S wave velocity reduction.
INTRODUCTION
The dynamic fracture behavior of rocks plays an important role in fracturing and fragmentation procedures, which vary from industrial processes, such as coal and oil shale fragmentation (Murri et al. 1977) , quarrying and mining operations (Carter 1978) , in impact or explosive crater formation (O'Keefe and Ahrens 1976) , and accretion of planetesimals in the early stages of planetary formation (Matsui and Mizutani 1977) .
Dynamic tensile strength experiments on rocks have been carried out by Grady and Hollenbach (1979) , Cohn and Ahrens (1981) , Lange et al. (1984) , Ahrens and Rubin (1993) , and others. Previously, three quantitative methods have been used to determine the dynamic tensile strength. These are: 1) the free-surface velocity pullback signal method (Grady and Hollenbach 1979) ; 2) terminal examination (Cohn and Ahrens 1981; Lange et al. 1984) ; and 3) ultrasonic postimpact examination (Ahrens and Rubin 1993) . The freesurface velocity pullback signal method measures the drop in the target's free-surface velocity upon arrival of the compression wave generated by an expanding tensile crack to determine tensile strength. Method 2 involves microscopic examination of polished thin section samples made from the recovered samples to determine the incipient spall cracks produced by impact. The stress above which microscopically observable cracks appear is assumed to be the dynamic tensile strength. Post-impact ultrasonic examination measures the pre-and post-shot ultrasonic velocities of the samples and relates the shock-induced damage in rocks to shock-induced one-dimensional tensile stresses. The tensile strengths determined by the free-surface velocity pullback signal method and the terminal examination depends crucially on the properties along the narrow zone of tensile failure where the rock fractures. Moreover, we note that the sample-cutting process required to examine recovered samples in method 2 could produce additional damage. The ultrasonic method is a superior method, and it is a volume measurement. This method measures crack density instead of the properties of a single crack. For this reason, ultrasonic method 3 is chosen to determine the tensile strength in this work.
Quantitative data on the tensile behavior of many types of rocks and their dependence on strain rate are still lacking. In this study, we selected one igneous rock (San Marcos gabbro), one sedimentary rock (Coconino sandstone), and one metamorphic rock (Sesia eclogite) for determination of the dynamic tensile strength using method 3 above.
SIGNIFICANCE AND LITHOLOGIES OF ROCKS
San Marcos gabbro from Escondido, a well-studied rock (Lange et al. 1984; Ahrens and Rubin 1993; Xia and Ahrens 2001) , is chosen for comparison with previous studies. Lange et al. (1984) reported that the density of this rock is 2.867 g/cm 3 , the compressional wave velocity (V p ) is 6.36 ± 0.16 km/s, and it has very low initial crack density. The mineral composition of San Marcos gabbro is 67.9% plagioclase, 22.5% amphibole, 2.6% pyroxene, 1.4% quartz, and some trace elements (Lange et al. 1984) .
The dynamic tensile strength of Coconino sandstone from Meteor Crater, Arizona is of interest, as Coconino sandstone is one of the main sedimentary rock types of the crater (Shoemaker 1963) . The subsurface strata of Meteor Crater have been studied in a refraction survey (Ackermann et al. 1975) . Roddy et al (1980) simulated the formation of this crater. However, previously, only dynamic compressive experiments at different strain rates were performed by Ahrens and Gregson (1964) and Shipman et al. (1971) on this type of rock. The block from which the samples are made is yellowish-gray or cream colored and contains sub-parallel one fragment of SE 5 to show the radial and spall (subhorizonal) cracks observed. The measured velocity reduction of (a) was ~36% and ~40% for P and S wave velocities. The velocity reduction for (b) was unmeasurable. laminae that are separated by thin laminae containing more than average amounts of silt and clay sized grains. Crossbedding can be seen clearly on the cutting surfaces. Coconino sandstone is composed of 97% quartz and 3% feldspar, with traces of clay and heavy minerals (Ahrens and Gregson 1964) . The average grain size is in the range of 0.12-0.15 mm, and the porosity is 24-25% (Ahrens and Gregson 1964; Shipman et al. 1971) . The bulk density of our samples was 2.08 ± 0.03 g/cm 3 , slightly higher than that reported by Ahrens and Gregson (1964) and Shipman et al. (1971) of 1.99 g/cm 3 . Impact and ultrasonic wave measurements are all normal to the bedding of the sandstone.
Eclogite is chosen because it may represent the upper limit of dynamic tensile strength available for terrestrial rocks. The eclogite from the Sesia zone of the Austroalpine system in Italy is metamorphic. Thin section analysis of the rock sample shows that it contains 40% garnet, 45% clinopyroxene, 4% mica, and trace feldspar and opaques. The grain size is 1 tõ 1.5 mm, and the bulk density is 3.44 ± 0.04 g/cm 3 . The physical properties of the three types of rocks are listed in Table 1 .
EXPERIMENTAL TECHNIQUES
The dynamic tensile strengths of the San Marcos gabbro, Coconino sandstone, and Sesia eclogite were determined by planar impact experiments using a 40 mm compressed gas gun, similar to that described in Cohn and Ahrens (1981) . A Lexan projectile carrying a polymethyl methacrylate (PMMA) or aluminum (Al) flyer plate at its front is accelerated by the expansion of precompressed air to velocities in the 5 to 60 m/s range. The initial impact produces compressional shock waves propagating forward into the target and back into the flyer plate. These compressional waves then reflect back as relief waves from the free surfaces of the target and the flyer plate. Tension is produced when the two relief waves meet within the sample. We assume that the magnitude of the tensile stress is equal to that of the original compressive stress, and the initial compressive pulse produced no detectable damage. When the peak tensile stress exceeds the dynamic tensile strength of the rock, cracks start to occur within the sample.
The choice of PMMA or Al flyer plates depends on the impedances of the rock, defined as the product of the density, ρ, and the compressional velocity, V p . Al flyer plates are used for San Marcos Gabbro and Sesia Eclogite, with impact velocities of 13 to 30 m/sec, and 24 to 60 m/sec, respectively. PMMA flyer plates are used for Coconino sandstone, with impact velocities of 5 to 22 m/sec. The impact velocities are controlled by varying the pressure of the compressed air. Different impact velocities result in different amplitude tensile stresses. The impact velocity is measured in air by the sequential interruption of three laser beams. The impacted target flies free into a recovery tank, where loose rags prevent further damage.
The targets are shaped as discs with diameters of 22 to 23 mm and thickness of 6.5 to 7 mm. Front and rear surfaces are polished. The achieved parallelism of the sample surfaces was ±0.003 mm for San Marcos gabbro and Sesia eclogite. Surface parallelism ensures that the strain in the ~1 cm central region of the sample is approximated by a one-dimensional strain condition. Less parallelism, ±0.03 mm, was achieved for Coconino Sandstone due to its high porosity. This partially explains the relatively large data scatter of ultrasonic measurements for sandstone. Samples of San Marcos gabbro and Sesia eclogite are cut wet and vacuum-dried for 24 hr before the experiments, while samples of Cononino sandstone are cut dry, to avoid changes in the physical properties of the sample.
In our experiments, the impedance of the flyer plate is less than that of the target, resulting in the separation of target and flyer plate (Ahrens and Rubin 1993) . The tensile stress (σ) within the target is given by the acoustic formula (Cohn and Ahrens 1981) :
(1) where U p is the projectile velocity, V p is the compressional seismic velocity, ρ is density, and the subscripts i and t refer to the projectile and target, respectively. The individual density of each sample is used for stress calculation.
The duration time (t d ) of the shock can be approximated by:
(
where d i is the thickness of the flyer plate. Pre-shot and post-shot ultrasonic P and S wave velocities were measured for the targets using the ultrasonic pulse transmission method. The reduction of the velocity gives a measure of degradation of the modulus of a micro-cracked body. The P wave transducers are Model V103, Panametrics; the S wave transducers are Model V153, Panametrics. The frequency of transducers used for both wave measurements is 1 MHz. The minimum crack size that the P wave transducers can detect is about one half of the wavelengths of the ultrasonic waves in the media (Heinrich 1991) . That is, 2 mm for San Marcos gabbro and Sesia eclogite and ~1 mm 
for Coconino sandstone. A Caltech-made high-voltage pulser with a rise time of about 10 µs is used as a transducer driver. A digital oscilloscope (Gould 4074) is used to record the ultrasonic signals. Panametrics couplant D-12 is used for P wave measurements, and Panametrics couplant SWC is used for S wave measurements. Alcohol and water were used as P and S wave couplant removers, respectively. Aluminum foil (thickness of 0.03 mm) is placed between the sample and the transducers to prevent the samples from being contaminated by the couplants and couplant removers. All the impacts were performed at room temperature and atmospheric pressure.
We define the dynamic tensile strength of the rock as the peak stress above which tensile cracks are observed from a decrease in P or S wave velocities, and the fracture strength is the peak stress above which complete fragmentation happens. According to Ahrens and Rubin (1993) , a 2% reduction in P wave velocity, or 3% increase in the radii of the largest cracks present, which corresponds to an increase in crack density of 0.016, is the minimum that could be detected by the ultrasonic method. Here, crack density is expressed as:
( 3) where N is the number of cracks per unit volume, and 〈a 3 〉 is the average of the cube of the crack radii (O'Connell and Budiansky 1974) .
RESULTS AND DISCUSSION
Both pre-shot and post-shot ultrasonic compressional and shear wave velocities in the direction perpendicular to the impact surface and V p /V s are listed in Table 2 , as well as impact velocities and relative tensile stresses for our experiments. Figs. 2 to 4 show velocity reductions with tensile stresses for the 3 types of rocks and Fig. 5 is the V p /V s ratio versus tensile stresses. Several important effects are identified below:
1. P and S wave velocity reductions occur with increasing tensile stress for the 3 types of rocks studied (Figs. 2-4 ). The highest P wave velocity reduction measured is 25% for San Marcos gabbro and 10% for S wave velocity (Fig. 2) . For Sesia eclogite measurements, the results are 48% and 35% for P and S wave reduction, respectively (Fig. 3 ). In the Coconino sandstone experiment with 2.4 µs duration time, 30% and 25% are obtained for P and S wave reduction, respectively, which increase to 36% and 40% for the 1.4 µs duration time case (Figs. 4a and 4b). 2. Fig. 2 suggests that the onset of tensile failure of San Marcos gabbro determined by the detectable ultrasonic velocity reduction is between 120 and 150 MPa. This result is comparable with a previous microscopic examination of recovered samples (Lange et al. 1984) . Within this range, Lange et al. (1984) reported that incipient cracks, more or less continuous, were observed. Complete fragmentation occurs above 250 MPa. This is determined to be the fracture strength. 3. The onset of tensile failure for Sesia eclogite is 240 MPa. This is the highest known limit of tensile strength measured by experiment for terrestrial rocks. The observable continuous cracks for Sesia eclogite appear around tensile stress about 400 MPa (Fig. 3 ). Complete fragmentation occurs above ~500 MPa. 4. The onset of tensile failure for Coconino sandstone, determined from detectable ultrasonic velocity reduction, are ~17 MPa for the 2.4 µs shock duration time and ~20 MPa for the 1.4 µs duration time. Macroscopic radial cracks appear at ~30 MPa and complete fragmentation at ~40 MPa for both cases (Fig. 4 ). 5. The reduction of P wave velocity is greater than the reduction of S wave velocity for both San Marcos gabbro ( Fig. 2) and Sesia eclogite ( Fig. 3 ). There is no obvious relation between P and S wave reduction for Coconino sandstone. 6. All pre-shot and post-shot V p /V s values of the 3 types of rocks are shown in Fig. 5 . V p /V s for pre-shot San Marcos gabbro is 1.9 ± 0.05. For pre-shot Sesia eclogite, V p /V s is 1.7 ± 0.13, compatible with the value of Healdsburg eclogite, California (1.74) (Birch 1960 ) and that of Sunnmoure eclogite, Norway (1.66) (McQueen et al. 1967 ). For Coconino sandstone, it is 1.5 ± 0.08. The measurable post-shot V p /V s value for both San Marcos gabbro and Sesia eclogite is less than the pre-shot value ( Figs. 5a and 5b) . The post-shot values of both types of rocks decrease with tensile stress, and the difference between pre-and post-shot measurements of V p /V s increases with tensile stress. No obvious decrease with computed tensile stress of post-shot V p /V s for Coconino sandstone is observed.
Reduction of Velocity by Cracks
The presence of cracks within a rock has long been recognized to decrease the elastic moduli (Birch 1960 
where K is bulk modulus, G is shear modulus, υ is Poisson ratio of the undamaged body, and ε is crack density. From the equations above, a crack density of 0.05 would produce ~4% P wave reduction and ~1.5% S wave reduction.
For a cracked body, reduction of both P and S wave velocities increase with crack density. This is consistent with our experimental results for all 3 types of rocks . However, the degree of velocity decrease depends on the orientation of cracks. According to theory of O' Connell and Budiansky (1974) , reduction of S wave velocity is only slightly less than that of P wave velocity for dry rock samples with randomly oriented cracks. For example, a 20% reduction in P wave velocity should be associated with 18% reduction in S wave velocity. If the cracks had a preferential orientation, they would reduce the P wave velocity measured in the direction perpendicular to the crack orientation surface much more than the S wave velocity measured in the same direction. This result has been demonstrated both theoretically (Anderson et al. 1974; Nishizawa 1982) and experimentally (King 2002) . According to the calculation of Anderson et al. (1974) , for reasonable crack aspect ratios (0.05), a 20% reduction in P wave velocity is associated only with ~5 to ~7% reduction in S wave velocity.
Interaction of release waves emanating from lateral boundaries and planar-impacted surfaces induce both radial and spall cracks in our experiments. Radial cracks are also observed in similar experiments for Bedford limestone by Ahrens and Rubin (1993) . These are generated in non-planar deformation of the sample. We believe a major contribution to the loss of one-dimensional symmetry is rarefaction waves reflected from the edges of the sample. These waves propagate into the region of interest producing tensile stresses that are perpendicular to the direction of the impact. Therefore, the strain state inside the sample is not strictly uniaxial. Both radial and face-parallel cracks are expected to contribute to the wave velocity reduction. For San Marcos gabbro and Sesia eclogite, reduction in P wave is greater than that of S wave velocity, indicating that the major contribution comes from the face-parallel cracks. No obvious pattern was observed for Coconino sandstone.
Although we can determine the elastic wave velocity from a given crack distribution, the converse is not true. It is impossible to determine the exact crack distribution in rocks just from elastic wave velocity measurements since the distribution of cracks is not a unique function of the velocities (Nur 1971) . Further experiments are under way to study the different contributions to velocity reductions of different oriented cracks.
Interpretation of V p /V s
Since shear wave velocity is less sensitive than the compressional wave velocity to the presence of cracks normal to the propagation direction of the wave (Nur 1971; Anderson et al. 1974) , we can use V p /V s to characterize the orientation of cracks for the 3 types of rocks. The average pre-shot V p /V s is ~1.9 for San Marcos gabbro ( Fig. 5a ) and ~1.7 for Sesia eclogite (Fig. 5b) . The post-shot V p /V s for both types of rocks are less than the pre-shot value, indicating the cracks produced by the shock were mainly oriented parallel to the impact surfaces. The post-shot V p /V s for both types of rocks decrease with increasing computed tensile stress, which means higher crack density. No good reason exists for the random pattern of post-shot V p /V s for Coconino sandstone (Figs. 5c and 5d ). Further work should be conducted to study the anisotropy of sandstone.
Strain-Rate Effect
It has long been recognized in fracture mechanics that material strength depends on the rate at which the loading is applied. Dynamic tensile strength of rocks at high strain rates produced by shock wave interactions can exceed the quasistatic tensile strength by an order of magnitude (Grady and Hollenbach 1979) . Cohn and Ahrens (1981) came to a similar conclusion in their studies of analogues of lunar rocks. Similar behavior has been observed for ice-silicate mixtures (Lange and Ahrens 1983) . Grady and Lipkin (1980) have generalized a wide range of data suggesting dependence of tensile fracture strength on strain rate. Grady (1998) gives the strain rate-dependent criteria of tensile strength (σ t ) for ceramics: (7) where c is the compressional wave velocity, ρ is the density and is the strain rate, defined as: (8) ε is strain, and ∆t is the duration time. Lange et al. (1983) give ε as a function of known material parameters:
Generally, the tensile strength is proportional to a power of the strain rate, with the power law exponent typically around 1/4 to 1/3, depending on the materials (Grady and Lipkin 1980; Housen and Holsapple 1990; Grady 1998) .
The porous Coconino sandstone is expected to behave differently from ceramics. However, the assumption is still valid that the dynamic tensile strength is proportional to a power of the strain rate. Taking our experiment results of 20 MPa at a 1.4 µs duration time and 17 MPa at a 2.4 µs duration time, the power law exponent is calculated to be 1/ 3.3 for Coconino sandstone. The strain, ε, is assumed to be the same for the 2 duration time experiments. The power law exponent fits very well within the range of the previous study, 1/4 to 1/3 (Grady and Lipkin 1980) . The tensile strengths of ice and different rocks at different strain rates are given in Table 3 . Also included is σ c , the tensile strength at a strain rate of 10 6 s −1 , extrapolated from available data or measured directly. The dynamic tensile strengths of Coconino sandstone, normalized by σ c , versus strain rate are plotted in Fig. 6 . Also included in Fig. 6 are the (Hajpal and Torok 1998) and the dynamic ice and Bedford limestone data from previous work (Lange et al. 1983; Ahrens and Rubin 1993) . Non-linear square fit for all these data by the relation of gives a = 0.03 ± 0.02 and b = 3.97 ± 0.05. The tensile strength has a strong dependence on strain rate in the high strain rate region. Care must be taken when applying the experimental measurement of sandstone to field impact craters, for which the strain rate is about 3 orders of magnitude lower, or the duration time is about 3 orders of magnitude longer, than that in the experiments.
APPLICATION TO IMPACT CRATERING

Shock-induced
fractures and crack-induced compressional velocity reduction in rocks beneath impact craters have been described by seismic refraction study of craters in the field (Ackermann et al. 1975 ) and small-scale impact cratering experiments in the laboratory (Polanskey and Ahrens 1990; Ahrens and Rubin 1993; Xia and Ahrens 2001) . According to the experiments of Polanskey and Ahrens (1990) , 4 types of fractures, concentric, radial, nearsurface (spall), and conical, are usually produced beneath impact craters (Fig. 7) . The formation and propagation of conical fractures beneath impact craters has also been modeled by computational simulation (O'Keefe et al. 2001) .
The peak shock pressure beneath the impact crater displays 3 regimes (Ahrens and O'Keefe 1987) (Fig. 8) . The responses of different regions in the target are affected in different ways by the combined effect of dynamic stresses, material strength, and gravity when a shock wave is produced by a large impact. Regime 1 is the impedance match regime, extending to a few projectile radii into the target, where the peak shock pressure is roughly given by the planar impedance match pressure. For hypervelocity planetary impacts, the target material in this region is partially or completely melted. This is the shock melted material that remains in terrestrial craters for craters >10 km in radius.
Regime 2 is the pressure decay regime, which extends to the distance where the pressure equals the Hugoniot elastic Fig. 8 . Three regions of peak shock pressure beneath impact crater. Regime 1 is the impedance match regime, regime 2 is the pressure decay regime, and regime 3 is the elastic decay regime. The radial stress is perpendicular to the shock front. The radial stress is compression and the circumferential stress is tension. See text for detail explanation. limit (abbreviated hereafter as HEL) of the target. In regime 2, the pressure decay with distance from the impact is generally described by the empirical relation: σ r = σ 0 (r/r 0 ) −n (10)
where σ 0 is the contact impact pressure calculated from the standard shock-wave impedance-match solution, r 0 is the radius of the projectile, and n is the stress dependent shock pressure attenuation parameter. For non-porous silicate projectile and target, it is defined as (Ahrens and O'Keefe 1987) :
n ≅ −0.625log 10 U − 1.25 (11) where U is impact velocity of the projectile ranging from 5 to 45 km/s. This indicates that the peak pressure for high velocity impacts decreases faster with distance from the impact point than that of low impacts, keeping all the other parameters the same. Pierazzo et al. (1997) investigated the dependence of (n) on various impact-related parameters, material type, impact velocity, projectile size, and angle from the vertical, by carrying out hydrocode simulations of impact for different materials: dunite, granite, aluminum, iron and ice. The initial conditions are 10 to 80 km/s for impact velocity and 0.2 to 10 km for the projectile radius. They find that material type has a small influence on (n), and give a more general formula: n = a + blog 10 (U)
for all the materials but ice, where a = −1.84 ± 0.17 and b = 2.61 ± 0.14.
In regime 2, the material is intensely compressively failed such that brittle rock becomes fine powder. For 1-10 km planetary craters on earth, the target material in these regimes does not remain in the crater but is ejected and may fall back into the crater. Laboratory craters in rock are too small to retain much of this regime 2 material. At greater distance, shear failure occurs. This is the so called Grady-Kipp region described by Melosh (1989) . Concentric cracks and radial cracks form in this region.
Regime 3 is the elastic decay regime. In this region, we apply the results of Shibuya and Nakahara (1968) . Shibuya and Nakahara (1968) calculated the stress state of a semiinfinite elastic body subjected to a concentrated impact load using the theory of elasticity. According to their calculation, at the time when the dilatational wave arrives at a considered point, the radial stress, σ r , which is perpendicular to the shock front, is compression, and the circumferential stress, σ θ , is tension except for a short time just after the arrival of the dilatational wave. They also concluded that the stress of the wave fronts decreases nearly in proportion to 1/r 2 with increasing distance from the impact point. The magnitudes of the 2 stresses have the relation (Shibuya and Nakahara 1968) :
The circumferential stress (σ θ ) would generate radial fractures when it exceeds the tensile strength of the body. Since the tensile strength is much less than the compressive strength for a given material, radial cracks extend further than the concentric cracks. σ θ 1 3 ---σ r ≈ Fig. 9 . Peak shock pressure versus normalized radius at various impact velocities for gabbroic anorthosite impactors. The arrows indicate onedimensional impedance match pressures. Regime 1 and regime 2 are the same as in Fig. 8 (after Ahrens and O'Keefe 1987) .
The magnitude of tensile stress versus depth is important to us, since we are concerned with the radial cracks produced by the tensile stress and how far they can propagate. On a planetary scale, gravity effects on tensile failure must also be taken into account when calculating the stress state in rocks beneath the impact in the elastic regime. From the discussion of Shibuya and Nakahara (1968) , we take the horizontal tensile stress, σ θ , as 0.33*σ r , where σ r is the radial stress calculated from Equations 10 and 12 from this paper. The radial cracks extend to distances from the impact where σ θ exceeds the sum of critical dynamic tensile strength of the target (P c ) and the overburden pressure (P h ). Taking tension as positive, the condition for radial cracks to occur at a certain depth (h) is:
where P h equals ρgh, ρ is the density of the overlying rocks, and g is the Earth gravity. Assuming a point source similarity solution, Holsapple (1993) gives estimates of crater volume for a variety of geological materials. For soft rock material, crater volume, V, is given by (Holsapple 1993) :
in the strength regime, where m is the projectile mass (in kg), and U is impact velocity (in km/s). In the gravity regime, it is given by:
where G is Earth's gravity, and V is in m 3 . It is important to point out that any observable in the far field, such as damage depth, crater size, etc., is determined by a point-source solution (Holsapple 2003) , while the calculation of peak pressure and melt volume are not. Since these various observables are based on inconsistent scaling laws, there is some debate in the impact field about whether it is possible to derive the size and velocity of the projectile for a given impact crater site and known projectile material (Holsapple 2003) . Nevertheless, we believe it is constructive to attempt to take an empirical approach and attempt to invert the above information to derive the size and velocity of the projectile separately.
We will apply our present experimental result for Coconino sandstone, combined with other reported parameters (crater volume and density of the projectile) for Meteor Crater, Arizona, to make estimates of the size and velocity of the projectile. Meteor Crater was formed about 50,000 years ago by the impact of an iron meteorite (Shoemaker 1963) . The observed volume of the crater is 7.6 × 10 7 m 3 (Shoemaker 1963) . Coconino sandstone is one of the main sedimentary units underlying the Meteor Crater. Seismic refraction investigations of Meteor Crater indicate that the damage depth of the crater is ~850 m (Ackermann et al. 1975) .
We infer below that the characteristic projectile dimension for Meteor Crater is 10 to 10 2 m. As this compares to 10 −3 m for the characteristic dimension of our flyer plate, the time scales of tensile loading the rocks beneath Meteor Crater are 10 3 to 10 4 longer. Taking the strain rate of impact that produced Meteor Crater as 5 × 10 3 s −1 , the extrapolated dynamic tensile strength of Coconino sandstone at this strain rate is ~7 MPa from Fig. 6 and the previous discussion. Because of the deficit of experimental data of dynamic tensile strength for sandstone, this is just a rough estimation.
Combinations of impact velocities, U (km/s), and impactor radii, a 0 (m), are constrained by the damage depth of Meteor Crater, the tensile strength of target material (Coconino sandstone), and the volume of the crater. There is a discrepancy about whether Meteor Crater is in the strength regime or gravity regime. According to the criteria of Holsapple (1993) , Meteor Crater is within the gravity regime. However, according to the definition of Ahrens et al. (2002) , Meteor Crater, with a diameter of about 1 km, is within the strength regime in the damage depth versus crater diameter space. We use both equations to calculate the volume of Meteor Crater. Our calculations find that in the strength regime, an impact with U = 33 km/s, a 0 = 9 m satisfies parameters of an iron impactor density, damage depth, and dynamic tensile strength, as well as an observed volume of Meteor Crater. If the crater is gravity-dominated, a combination of U = 41 km/s, a 0 = 12 m satisfies all the required parameters. The kinetic energy of this projectile, expressed in Mton of TNT is given as:
For the first case, E k is 3.12 Mt and is 11.42 Mt for the second case. The first result agrees with the estimate of Polanskey and Ahrens (1994) of 2.4 to 8.9 Mt and is close to the 3.8 Mt used by Roddy et al. (1980) in their simulations of the formation of Meteor Crater. We prefer the strength regime solution of 33 km/s as a more plausible asteroid impact velocity on Earth (although quite higher than typical values for asteroidal impacts on Earth). The stress versus depth (normalized by the radius of the projectile) of the strength regime impact is shown in Fig. 10 .
CONCLUSION
Three types of terrestrial rocks, San Marcos gabbro, Coconino sandstone, and Sesia eclogite, were subject to planar impacts to produce tensile failure under dynamic loading conditions. Two sets of experiments with different duration times were conducted for porous sandstone. Ultrasonic velocity measurements of pre-shot and post-shot samples were measured to determine the dynamic tensile strength and the fracture strength of each type of rock by detectable velocity reduction. The major results are: MPa for sandstone, and ~480 MPa for eclogite. 2. Both reductions of P and S wave reduction for all 3 types of rocks increase with the computed tensile stress, indicating that the higher tensile pressure produced higher crack density. V p /V s of post-shot San Marcos gabbro and Sesia eclogite samples decrease with the computed tensile pressure. No obvious relation between post-shot V p /V s of Coconino sandstone and the computed tensile pressure is observed. 3. Higher reduction of P wave than S wave velocity in both San Marcos gabbro and Sesia eclogite indicates that spall (subparallel to the impact surface) cracks contribute more to the velocity reduction than radial cracks. The random pattern of reductions of P and S wave velocity for Coconino sandstone is possibly caused by its high porosity and variety between separate samples. V p /V s of post-shot San Marcos gabbro and Sesia eclogite samples are less than the pre-shot values. 4. Shock-induced fracture in rocks and the seismic velocity reduction caused by the fracture are some of the major characteristics of impact craters. The damage depth of the impact crater is controlled by the equation-of-state of projectile and target and by the impact velocity and dimension of the projectile. Assuming other parameters are known, we use the impactor density and fracture depth (850 m) for Meteor Crater, Arizona and the dynamic tensile strength of Coconino sandstone extrapolated from our experiments (7 MPa) to obtain some rough estimates of impact velocity U (km/s) and impactor radius, a 0 (m), combinations. Taking into account parameters of volume of the crater, an impact with U = 33 km/s, a 0 = 9 m is derived assuming that Meteor Crater is strength-dominated. If gravity scaling is assumed, our solution yields U = 41 km/s, a 0 = 12 m. Because the strength scaled solution yields an impact velocity (33 km/s) closer to the average impact velocity of asteroid impactor on the Earth (20 km/s), and the impact energy of 3.12 Mtons agrees closely with a previous study of Meteor Crater, we prefer the strengthdominated solution.
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